
REPLICATION OF MENGOVIRUS IN HELA CELLS

protein synthesis proceeded normally in cells
which had previously had host protein synthesis
inhibited by poliovirus. To demonstrate the con-

current inhibition of host cell protein synthesis by
poliovirus and the apparent insensitivity of
mengovirus protein synthesis, a pulse-labeling
experiment was carried out to examine the rate of
'4C-leucine incorporation as a function of time
in superinfected HeLa cells (Fig. 2).

In this experiment, uninfected cells showed a

relatively constant rate of protein synthesis until
actinomycin was added at 2 hr. Subsequent to
this, there was a gradual decline in synthetic rate
due to the cessation of host cell RNA production.
Cells infected with poliovirus alone at zero time
displayed a decline in protein synthetic rate
which increased with the addition of actinomycin
at 2 hr. A marked increase in protein synthesis
at 4 hr occurred in the culture infected at zero-time
with poliovirus and superinfected with mengo-
virus at 2 hr. This increase may be attributed to
the production of mengovirus-specific proteins,
since both poliovirus and HeLa cell protein
synthesis were prevented by the conditions of this
culture. Thus, mengovirus grew normally in a cell
in which prior virus infection had completely
inhibited cellular protein synthesis. Furthermore,
plaque assay determinations (4) made on yields
of mengovirus grown in superinfected and control
cultures showed that viral PFU production was

essentially equivalent under both conditions.
The experimental results implied that the com-

ponent of the host cell protein synthesis ma-

chinery, which is inhibited by virus infection, is
not a component for virus-directed protein syn-
thesis. There is, however, another possible
explanation of the results which must be ruled
out. The superinfecting virus-directed protein
synthesis may, in fact, involve a component which
is sensitive to inhibition by the preinfecting polio-
virus, but this component is replaced rapidly by
the multiplying virus. Thus, the superinfecting
virus would appear insensitive to inhibition by
polio when, in fact, its sensitivity was masked by
large rates of viral-directed synthesis.
Two types of experiments were performed to

determine whether the apparent resistance of
mengovirus to inhibition by poliovirus was due
to the rapid production of some protein-synthe-
sizing component by the mengovirus. The experi-
mental design was to inhibit selectively either
protein synthesis or RNA synthesis by mengovirus
in cells previously infected with poliovirus. In the
first experiment, protein synthesis by mengovirus
was inhibited with Acti-Dione. It has been shown
that, when cells are infected with poliovirus and
the inhibitory effects of the virus are permitted to
develop, these inhibitory effects continue to be
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FIG. 2. Protein synthesis in cells preinifected with
poliovirus at time zero and superintfected with mengo-

virus at 2 hr. The rates of protein synzthesis in unin-
fected, poliovirus-infected, and menzgovirus-superin-
fected HeLa cells were measured at the times shown.
Each culture was treated with 5 uAg of actiniomycin per
ml at 2 hr. Infection and pulse-labeling for 5 min with
14C-leucine were performed as described in Materials
and Methods.

manifested upon subsequent addition of Acti-
Dione (8). Thus, once the inhibitory factor is
produced by poliovirus, it continues to operate
in the presence of Acti-Dione. However, the
effects of the inhibition are apparent only upon
subsequent removal of the drug.

In the experiment shown in Fig. 3, cells were

preinfected with poliovirus, superinfected with
mengovirus, and, after a period of initial mengo-
virus development, Acti-Dione was added and the
cells were incubated. Upon removal of the drug,
mengovirus grew normally except for a time lag
corresponding to the length of time that Acti-
Dione was present. Comparison with a control
culture which received the drug but which had
not been preinfected with poliovirus shows that
there was no appreciable effect on the time and
initial rate of mengovirus growth due to the
poliovirus during the time that Acti-Dione was

present. The yield of mengovirus was slightly
lower in the preinfected cells than in the control
culture; this was ascribed to progressive cell
damage due to the presence of the preinfecting
but nonreplicating poliovirus. The significant
observation is that the growth of mengovirus
occurred at the same time as in the control culture
and with the same initial slope of Mengo-specific
RNA synthesis.
The result of the experiment shown in Fig. 3

was interpreted as follows. During the period of
incubation with Acti-Dione present, mengovirus
can produce no proteins; therefore, any protein
involved in Mengo-specific protein synthesis
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FIG. 3. Mengovirus RNA synthesis in preinfected
cells after 1 hr ofincubation with 100 ,ug ofActi-Dione
per ml. At time zero, one of three cultures was prein-
fected with 100 PFUofpolioviruspercell in thepresence
of 10t-3M guanidine. At I hr, all three cultures were in-
fected with 20 PFU ofmengovirus per cell and treated
with S ,ug ofactinomycin per ml. To the nonpreinfected
control culture, 0.1 ,uc of '4C-uridine (specific activity,
44 p,c/,mole) per ml was added at 1.5 hr; the other two
cultures were treated with 100 ,g ofActi-Dione per ml
between 2.5 and 3.5 hr. Upon reversal of Acti-Dione
at 3.5 hr 14C-uridine was added to these two cultures
and RNA synthesis was assayed as for Fig. 1.

which is sensitive to inhibition by poliovirus
cannot be replaced. It would be expected, there-
fore, that upon removal of the drug, mengovirus
growth would be retarded when compared to a
control which was not preinfected. Since no ap-
preciable effect on mengovirus growth was ob-
served, it seems likely that there is no protein
produced by mengovirus and used in protein
synthesis which can be affected by poliovirus.
There remains the possibility that a species of

RNA may be the target for inhibition by polio-
virus. This was suggested by the observation that
the addition of actinomycin to cells greatly en-
hances the rate at which poliovirus inhibits host-
directed protein synthesis. Thus, when infected
HeLa cells are permitted to replace RNA by new
synthesis, host-directed protein synthesis con-
tinues for a much longer time. The replaced RNA
could be messenger RNA, although recent ex-

periments in our laboratory have indicated that
it might be another species of RNA, possibly
transfer RNA. To establish that mengovirus pro-
tein synthesis is insensitive to poliovirus inhibi-
tion, it was considered important to show that
poliovirus had no effect on mengovirus growth
even when mengovirus RNA synthesis was
greatly reduced. Thus, the possibility that mengo-
virus produced an RNA at a higher rate than
can be inactivated by poliovirus can be ruled out.

To test this hypothesis, experimental conditions
were devised in which the rate of mengovirus
RNA synthesis was reduced significantly, but the
poliovirus-induced inhibitory activity was not
greatly altered. Such a situation is obtained by
reducing the culture temperatures to 28 C. The
inhibition of protein synthesis by nonreplicating
poliovirus at 28 C was determined by comparing
the rates of '4C-leucine incorporation by infected
HeLa cells at 28 C and the normal culture tem-
perature of 37 C (Fig. 4). Poliovirus infection
was carried out as described above. Uninfected
and infected cultures were incubated at 37 C for
75 min, at which time actinomycin was added,
and the cultures were divided. Half of each culture
remained at 37 C and half was shifted to 28 C.
At the times shown, samples were obtained for
pulse-labeling at 37 C, as described for Fig. 2.
The results indicate that protein synthesis in un-
infected cells was essentially unaffected by incuba-
tion at 28 C. Examination of the infected cultures
revealed that the rate of viral-induced protein
synthesis inhibition is only slightly reduced at
28 C as compared to the culture at 37 C. This
reduction may be attributed to the decreased
production of the inhibition factor as well as a
decrease in the rate of the reaction of the factor
with HeLa protein-synthesizing apparatus. Al-
though there is a small decrease in the rate of
viral-induced inhibition at 28 C, it is clear that
incubation at this temperature allows the marked
inhibition of cellular protein synthesis similar to
that which occurs at 37 C.
The effect of reduced incubation temperature

on mengovirus RNA synthesis is shown in Fig. 5.
Four replicate cultures of HeLa cells at 4.0 x 106
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FIG. 4. Inhibition of HeLa cell protein synthesis at
37 C and 28 C by poliovirus in the presence of 10-3M
guanidine. Cells were infected with poliovirus at 100
PFU/cell at time zero; the rate ofprotein synthesis was
determined in infected and uninfected cultures. At 75
min, both cultures were treated with 5 ug ofactinomycin
per ml and half of each culture was shifted to 28 C.
Symbols: (0) uninfected, 37 C; (0) uninfected, 28 C;
(A) infected, 37 C; (A) infected, 28 C.
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REPLICATION OF MENGOVIRUS IN HELA CELLS

cells/ml were infected at time zero with 20
PFU/cell of mengovirus; at this time, 5 jug of
actinomycin per ml was added to each culture
After 30 min, 14C-uridine was added; subse-
quently, 0.1-ml samples were withdrawn at
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FIG. 5. Mengovirus RNA synthesis in HeLa cells
at 37 and 28 C. Each offour replicate cultures was in-
fected at 20 PFU ofmengovirus per cell at time zero at
37 C in the presence of 5 ,ug of actinomycin per ml.
At 0.5 hr, 0.1 IAc of "4C-uridine (specific activity, 25.5
,uc/,imole) per ml was added to each culture. At the times
indicated, cultures were shifted to 28 C. RNA synthesis
was assayed throughout the incubation.

regular intervals for radioactive assay. While one
culture remained at 37 C throughout, other
cultures were shifted to 28 C at various times
during viral replication. The pattern of incorpo-
ration of the infected cultures at 28 C indicates
that the rate of viral RNA synthesis can be greatly
reduced if incubation at 28 C is initiated at about
1.5 hr after infection.
Summarizing the last two experimental find-

ings, it may be concluded that incubation of
poliovirus-infected cells at 28 C allows viral-
induced inhibition of host cell protein synthesis
to occur. At the same temperature, mengovirus
RNA synthesis is greatly reduced. These facts
were utilized to determine whether mengovirus
development in HeLa cells preinfected with non-
replicating poliovirus could be rendered sensitive
to the protein synthesis inhibitory action of the
poliovirus.

In such an experiment (Fig. 6), conditions of
the cultures were the same as in Fig. 1 except that
some cultures were incubated at 28 C for 1 or
2 hr, starting at 1.5 hr after mengovirus infection.
Curves for cultures maintained at 37 C through-
out the experiment (Fig. 6A) are similar to those
of Fig. 1. Figures 6B and 6C were obtained for
cultures maintained at 28 C for periods of 1 and
2 hr, respectively, during the mengovirus replica-
tion cycle. Although there was a lag in the rapid
increase in mengovirus RNA synthesis corres-
ponding to the lengths of the 28 C incubation
periods, there was no difference in the lag ob-
served in preinfected and nonpreinfected cultures.
Thus, mengovirus protein synthesis remains un-
affected when exposed to the poliovirus-pro-
duced inhibitory factor, even when mengovirus
RNA synthesis is greatly reduced.
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FIG. 6. Mengovirus RNA synthesis in preinfected cells after 0, 1, and 2 hr of incubation at 28 C. HeLa cells
were preinfected at time zero and superinfected at 2 hr as described. 14C-uridine (0.1 ,uc/ml), with a specific activity
of25.5 l,c/,umole, was added to each culture at 2.5 hr. Different pairs ofpreinifected and nontpreinifected cells were

in-cubated at 28 C for the intervals indicated; RNA synthesis was assayed as in Fig. 1.
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D1scussIoN
The results of the studies reported here indicate

that the replication of mengovirus proceeds
normally in HeLa cells preinfected with non-
replicating poliovirus. Although it is demon-
strated that infection with poliovirus sharply
inhibits protein synthesis of the host cell, under
these same conditions, no effect on mengovirus
development can be detected. The experiments
indicate that the lack of inhibition of mengovirus
replication by nonreplicating poliovirus is real
and not the result of the superinfecting virus out-
pacing the inhibitory factor.

Experimental conditions were employed to
render mengovirus replication sensitive to the
possible inhibitory action of poliovirus. Mengo-
virus replication was interrupted by inhibition of
protein synthesis with Acti-Dione and by reduc-
ing RNA synthesis with low temperatures. The
inhibitory effects of poliovirus on host protein
synthesis are operative under these conditions of
incubation. The results of both experiments lead
to the conclusion that the inhibitory factor of non-
replicating poliovirus which inhibits host cell
protein synthesis (8) does not inhibit the function
of the mengovirus protein-synthesizing apparatus.

It is assumed, in the interpretation of these
experiments, that the inhibitory agent produced
by poliovirus is present during mengovirus
growth. It is conceivable that superinfection with
mengovirus interferes with poliovirus-directed
protein synthesis. This is probably not a serious
consideration, since previous experiments have
shown that the inhibitory agent produced by
poliovirus is stable and continues to function for
at least 1 hr after the inhibition of virus-directed
protein synthesis (8). Even if poliovirus-specific
protein synthesis were suppressed, the inhibitory
agent produced in the 2 hr prior to mengovirus
superinfection should remain active during later
stages of infection.

It has been shown that poliovirus exerts its
inhibiting effect on host cell protein synthesis by
interrupting the attachment of ribosomes to host
messenger RNA (8). Recent experiments indicate
that a species of host RNA is clearly involved in
the selective inhibition ofhost synthesis. However,
these experiments strongly indicate that the
species of RNA might not be messenger RNA

(W. McCormick, unpublished data). Our findings
might, therefore, be explained by the possibility
that the poliovirus inhibitory factor is able to
distinguish between specific RNA elements in-
volved for host cell and heterologous viral pro-
tein synthesis. Choppin and Holmes (1) have also
made a similar proposal to explain the apparent
lack of inhibitory effect by poliovirus on SV5
RNA replication.
A plausible explanation of the findings reported

here is that viral protein synthesis has a different
initiation signal than that of host messenger.
Thus, poliovirus apparently interrupts host cell-
directed intiation of translation, whereas viral
initiation appears immune.
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The viral particles present in a nonproducer rat neoplasm induced by murine
sarcoma virus (MSV) Moloney isolate, as detected by electron microscopy, were
found to be biologically active on normal kidney cells of random-bred Osborne-
Mendel rats. The virus is designated here as MSV (0). MSV (0) differs from other
pseudotypes of MSV in its host range, antigenicity, and interference pattern.

An epithelial neoplasm (MSB-1) induced in a
strain BN rat by the murine sarcoma virus
(MSV) Moloney isolate was found to be free from
infectious virus and did not react in the comple-
ment-fixing (CF) tests with broadly reactive sera
of rats immunized with Moloney lymphoma (10).
In a previous report (10), it was shown that
MSB-1 neoplastic cells possess virus-specific
antigenicity, as demonstrated by transplantation
resistance tests; these cells also contain infective
MSV-genome, as demonstrated by the rescuing
technique described by Huebner et al. (6). More
recently, Valentine and Bader (11) examined
MSB-1 cells by electron microscopy and de-
tected the presence of type C particles. Subse-
quently, this finding was confirmed in our labora-
tory by H. Duc-Nguyen.

This study is primarily concerned with the
biological and serological properties of the virus
released by MSB-1 cells. The virus reported here
has been designated as MSV (0).

MATERIALS AND METHODS

Cell cultures and growth media. ADl cells were prop-
agated in Eagle's minimal essential medium contain-
ing 10% fetal bovine serum, 10% tryptose phosphate
broth, and antibiotics (penicillin, streptomycin, and
mycostatin). Mouse embryo (ME) cells were prepared
from 12-day-old embryos of NIH Swiss mice; rat
embryo (RE) cells were prepared from 12-day-old
embryos of BN rats; and adult rat kidney (NRK)
cells, which were kindly supplied by H. Duc-Nguyen
of this laboratory, were prepared from the kidneys of
6-week-old random-bred Osborne-Mendel (OM) rats.
Rauscher leukemia virus (RLV)-infected kidney
(RRK) cells, obtained from H. Duc-Nguyen, were

derived from a random-bred OM rat infected in vivo
with RLV. NRK cells were negative for CF antigen
and showed no type C particles (over 100 cells in each
of three different preparations were examined),
whereas RRK cells were positive for CF antigen and
continuously produced RLV (2). MSB-1 cells were
established in tissue culture from the third transplant
passage in vivo of MSB-1 tumor (10).

Viruses and virus assay. Rauscher pseudotype virus
[MSV (RLV)] was originally obtained by superinfec-
tion of MSB-1 cells with rat-adapted RLV. MSV
[Maloney leukemia virus (MLV)] was obtained from
J. Moloney as a tumor extract from BALB/c mice.
Both viruses were subsequently grown on ME cells
and were used in all experiments. RLV used in the
present study is the rat-adapted virus kindly supplied
by H. Duc-Nguyen; the properties of this rat-adapted
RLV have been reported previously (2). MSV (0)
was obtained from MSB-1 cells. All virus suspensions
were prepared by scraping infected ME or MSB-1
monolayers off plates; the whole suspension was
frozen in a dry ice-alcohol bath and was thawed im-
mediately at 37 C. This procedure was repeated three
times. The suspension was then centrifugated at
1,000 X g to remove cell debris, and the supernatant
fluid was stored at -70 C. The supernatant fluids
constituted the stock viruses. The titer of the virus
was determined as focus-forming units (FFU) on
mouse embryo cells by the method of Hartley and
Rowe (4), and on rat cells by the method of Ting (9),
except that the number of rat kidney cells seeded was
3 X 105 per 60-mm plate.

Antiviral sera. All antiviral sera and control sera
were obtained from adult BN rats or (Lewis X BN)FI
rats. Rats were given three injections of virus-infected
rat cells, with an interval of 2 weeks between each
injection. Anti-MSV (0) sera were obtained from
adult rats which had been immunized by low-dose
inoculation (103) of MSB-1 cells and had subsequently
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rejected a challenge of 5 X 106 MSB-1 cells. All sera
were heat-inactivated at 56 C for 30 min, filtered
through 0.45-,. membrane filters (Millipore Corp.,
Bedford, Mass.), and stored at -20 C.

Neutralization test. An 0.2-ml amount of virus was
mixed with 0.2 ml of serum diluted 1: 5 in medium.
The mixture was held at 37 C for 30 min and was then
diluted 1:5 or 1:10 in medium. A 0.2-ml amount of
the diluted mixture was used to infect monolayers of
ME cells or NRK cells in order to determine FFU.

RESULTS

Demonstrations of infectivity of MSV (0) on
NRK cells. Previously, it was reported that no
infectious virus was recovered from MSB-1 cells,
even when MSB-1 cells were co-cultivated with
ME cells (10). Therefore, the infectivity of MSV
(0) was tested on ME cells which are supposedly
very sensitive to MSV. Since MSB-1 tumor was

originally induced in BN rats by MSV, BNRE
cells were also used to test the infectivity of
MSV (0). BNRE cells were not susceptible to
infection with MSV (0) (Table 1); however,
when NRK cells from OM rats were used as test
cells, infectivity of MSV (0) was readily demon-
strated. It should be noted here that a membrane
(0.45 ,u)-filtered (Millipore Corp.) preparation
of MSV (0) also induced foci on NRK cells. These
foci were principally composed of round cells
and were smaller than foci induced by the
pseudotype virus MSV (RLV). It is interesting
to note that MSV (0) titrates linearly on NRK
and RRK cells. This suggested that no helper
virus is needed and MSV (0) is self-competent.
Evidence for the existence of competent MSV
(MLV) has been recently reported by O'Connor
and Fischinger (7). One interesting finding is that
leukemia virus infection does not seem to inter-
fere with the focus-forming ability of MSV (0)
on rat cells. The data in Table 1 also show that
RRK cells which have been chronically infected
by RLV are sensitive to MSV (0) infection but
not to MSV (RLV) infection. On the other hand,
Sarma et al. (8) have reported that leukemia
viruses interfere with the focus-forming ability of

other pseudotypes of MSV. This suggested that
MSV (0) is different from the other pseudotypes
of MSV.

Failure to recover MSV (RLV) by mixed in-
fection of ME cells with MSV (0) and RL V. To
explore the possibility that infection of ME cells
by MSV (0) may require the help of leukemia
virus, ME cells were coinfected with MSV (0)
and RLV. Infected cells were passaged twice, and
the supernatant fluids of the second passage were
tested for infectious MSV on ME and NRK cells.
Cells of the second passage were tested for their
susceptibility to a challenge of 1,000 FFU of
MSV (RLV). Results in Table 2 indicate that (i)
no infectious MSV was recovered from ME cells
infected with MSV (0) alone or from cells co-
infected with MSV (0) and RLV, and (ii) MSV
(0)-treated ME cells did not develop resistance
to superinfection with MSV (RLV), whereas
RLV-infected ME cells resisted the challenge
of MSV (RLV).

Persistence of MSV (0) in infected NRK cells.
The smaller size of the foci observed on NRK
monolayers infected with MSV (0) suggested that
no reinfection occurs on the assay plates. This
raised the question as to whether MSV (0)-
infected NRK cells will continue to release virus,
and, if so, what type of virus. To answer this
question, the supernatant fluids of various pas-
sages of MSV (0)-infected NRK cells were used
to infect ME and NRK cells. Infectivity was ob-
served on NRK cells but not on ME cells (Table
3). This indicated that virus is released by in-
fected NRK cells, and that the virus released has
the same host range as MSV (0) obtained from
MSB-1 cells. Furthermore, when MSV (0)-
infected NRK cells were superinfected with RLV,
the virus recovered was found to be capable of
infecting ME cells and could be neutralized by
anti-RLV serum. This virus also induced tumors
in newborn mice, and the tumors had the same
histological features as those tumors induced by
MSV (RLV) grown on ME cells. These observa-
tions eliminated the possibility that MSV (0)

TABLE 1. Tests for infectivity ofMSV (RLV) and MSV (0)

Avg FFU' per plate on test cells
Virus Dilution

ME NRK RRK BNRE

MSV (0) Undiluted 0 > 500 > 500 0
1:5 0 107 118 0
1:25 0 20 21 0

MSV (RLV) 1:20 184 175 0 31

a Average value of three plates.
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